1. Introduction {#sec1}
===============

Therapeutic inhibition of [m]{.ul}echanistic [T]{.ul}arget [O]{.ul}f [R]{.ul}apamycin (mTOR) is important for immunosuppression and the treatment of certain cancers \[[@bib1]\]. Recent interest in this pathway has been heightened by the demonstration that the prototypical mTOR inhibitor, rapamycin, extends the lifespan of model organisms from yeast to rodents \[[@bib2], [@bib3], [@bib4]\]. However, these studies have also served to highlight our incomplete understanding of the mechanisms by which mTOR signaling influences physiology in different cell types and the etiology of the undesirable side effects that can accompany mTOR inhibition, which include an increased risk of new-onset diabetes and dyslipidemia, a major risk factor for cardiovascular diseases \[[@bib5],[@bib6]\].

mTOR is a serine/threonine protein kinase that nucleates two structurally and functionally distinct complexes, mTORC1 (characterized by the presence of Raptor) and mTORC2 (characterized by the presence of Rictor) \[[@bib1]\]. mTORC1 is the canonical target of rapamycin and is acutely inhibited by the drug, whereas mTORC2 is only disrupted after chronic rapamycin treatment in specific cell types and *in vivo* due to sequestration of the catalytic mTOR subunit \[[@bib7], [@bib8], [@bib9]\]. mTORC1 is regulated by anabolic signals and amino acid availability to suppress autophagy and promote protein, lipid, and nucleic acid synthesis as well as nutrient transport \[[@bib10]\]. mTORC2 plays key roles in metabolism, cell survival, and proliferation through multiple mechanisms including regulation of the insulin/IGF1 signaling cascade via phosphorylation of AKT at S473 \[[@bib10]\]. Targeted disruption of mTORC1 or mTORC2 has revealed that each complex has distinct and tissue-specific effects on signaling and metabolism \[[@bib10]\].

Genetic or pharmacological targeting of the mTOR complexes has been shown to influence pathways that are important for whole body lipid homeostasis *in vivo*. These include changes in the expression of hepatic genes involved in lipogenesis and triglyceride (TG) secretion, suppression of lipoprotein lipase (LPL) activity, and overactivation of lipolysis via increased ATGL expression or PKA activity in adipocytes \[[@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18]\]. However, the relative importance of these pathways and how they interact remain unclear. Indeed, an increase in circulating TG after mTOR inhibition is somewhat paradoxical, given that mTORC1 promotes lipogenesis, and genetic ablation of either mTOR complex in the liver results in unaltered or decreased plasma lipids rather than an increase \[[@bib17],[@bib19],[@bib20]\]. In cultured adipocytes, mTORC1 inhibition decreases *de novo* lipogenesis and increases lipolysis, the latter proposed to be via either upregulation of ATGL expression or increased PKA-dependent phosphorylation of HSL \[[@bib11],[@bib15],[@bib21]\]. After rapamycin treatment, the effects on lipolysis have been less clear, with increased circulating non-esterified fatty acids (NEFA) reported in some studies and decreased NEFA in others \[[@bib13],[@bib22], [@bib23], [@bib24], [@bib25]\]. Decreased expression and activity of lipoprotein lipase have been more consistently observed after rapamycin treatment *in vivo* \[[@bib6],[@bib12],[@bib18],[@bib22],[@bib26]\]. Genetic ablation of adipocyte mTORC1 with AP2-Cre resulted in lean mice that were protected from hypercholesterolemia \[[@bib27]\]. However, this Cre can have off-target and mosaic effects \[[@bib28]\]. We and others have since generated a mouse model lacking Raptor specifically in adipocytes using adiponectin-Cre and reported increased \[[@bib29]\] or unchanged NEFA \[[@bib30]\]. Lee et al. further described progressive lipodystrophy with increased *de novo* lipogenesis in adipocytes and upward trends but no significant changes in cholesterol and TG \[[@bib30]\]. In sum, the available data do not identify a clear or consistent role for adipocyte mTORC1 signaling in systemic lipid homeostasis, and prior studies have been somewhat confounded by concurrent lipodystrophy.

Herein we studied mice with adipose-specific Raptor ablation (Raptor^aKO^) prior to the onset of lipodystrophy. We show that these animals displayed profound hypertriglyceridemia specifically in the fed state. Although lipoprotein lipase expression decreased, the effect size was small, and this change alone did not explain the lipidomic profile in adipose tissue, which favored the accumulation of di- and monoacylglycerols. While Raptor^aKO^ mice had lower NEFA than controls during fasting, they had higher NEFA in the fed state, suggesting a failure to appropriately suppress lipolysis and potentially explaining why *in vivo* studies on rapamycin have reached opposite conclusions with respect to its effects on circulating NEFA. Strikingly, genetic ablation of ATGL to limit adipocyte lipolysis largely restored triglyceride homeostasis without correcting the deficiency in lipoprotein lipase expression. These results suggest that unrestrained lipolysis is the primary defect in hyperlipidemia induced by adipocyte mTORC1 inhibition *in vivo*.

2. Materials and methods {#sec2}
========================

2.1. Animals and treatments {#sec2.1}
---------------------------

All experiments were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania. Adipocyte-specific Raptor knockout mice (Raptor^aKO^) were generated by crossing Raptor floxed mice containing loxP sites flanking exon 6 of the targeted *Rptor* (B6.Cg-Rpto^rtm1.1Dmsa/^J) with mice containing the Adipoq-Cre BAC transgene expressing Cre recombinase under the control of mouse adiponectin (Adipoq) promoter/enhancer regions (B6.FVB-Tg(Adipoq-Cre)1Evdr/J) \[[@bib31],[@bib32]\]. ATGL-Raptor^aKO^ mice were generated by crossing ATGL^fl/fl^ mice containing loxP sites flanking exons 2--7 of the *Pnpla2* gene (B6N.129S-Pnpla2^tm1Eek^/J) \[[@bib33]\]. with Raptor^ako^ mice. The following primer sequences were used for genotyping: *Rptor*: forward, 5'-CTCAGTAGTGGTATGTGCTCAG-3'; reverse, 5'-GGGTACAGTATGTC AGCACAG-3'. *Pnpla2*: forward 5'-GAGTGCAGTGTCCTTCACCA-3'; reverse 5'-ATCAGGCAGCCACTCCAAC-3'. Adipoq-Cre: forward 5\'-ACCTCCTGGGAGAGTGAGGGC-3\'; reverse 5\'-GCATCGACCGGTAATGCAGGC-3\'. Age-matched floxed mice (Raptor^fl/fl^, Raptor^fl/fl^, ATGL^fl/fl^, ATGL^fl/fl^), Raptor^aKO^, ATGL^aKO^, and ATGL-Raptor^aKO^ male mice were studied between 10 weeks and 12 weeks of age unless otherwise stated. For fasting and refeeding experiments, the mice were fasted overnight and refed for 4 h. To stimulate lipolysis, the mice were injected intraperitoneally with 1 mg/kg β3-adrenergic receptor agonist, CL316,243 (Sigma--Aldrich). For rapamycin treatment, the mice were intraperitoneally injected with 2 mg/kg rapamycin (LC Laboratories) in 0.25% PEG400/Tween80 daily for 2 weeks. To suppress lipolysis, the mice were intraperitoneally injected with 100 mg/kg GPR81 Agonist, 3Cl--5OH-BA (Sigma--Aldrich), at the beginning of refeeding. The mice were sacrificed by cervical dislocation after an overnight fast and 4 h of refeeding.

2.2. Western blotting analysis {#sec2.2}
------------------------------

Tissue samples were lysed in RIPA buffer supplemented with 10 μL/mL Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, 78440) and homogenized using TissueLyser II (Qiagen). The lysates were incubated with gentle rocking for 30 min at 4 °C and then centrifuged at 12,000 g for 20 min at 4 °C twice, transferring the supernatant. The protein concentration was determined via a BCA Assay (Pierce). Overall, 12--20 μg of total protein was loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 4--15% Tris-Glycine gradient gels or 10% resolving gels (Bio-Rad) and subsequently transferred to PVDF membranes (Bio-Rad). The membranes were blocked with either 3% BSA (for phospho-proteins) or 3% non-fat dry milk in TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% tween 20) and incubated overnight at 4 °C in blocking solution with the following primary antibodies at 1:2000: Raptor (Cell Signaling, 2280), ATGL (Cell Signaling, 2138), pAkt Ser-473 (Cell Signaling, 9271), Akt (Cell Signaling, 9272), pS6 Ser240/Ser244 (Cell Signaling, 2215), S6 (Cell Signaling, 2212), p4EBP1 Ser-65 (Cell Signaling, 9451), and 4EBP1 (Cell Signaling, 9452). Secondary HRP conjugated antibodies (Jackson ImmunoResearch Laboratories, Inc.) were used at 1:10,000 in TBST and 1:10,000 for HRP conjugated B-actin (Abcam, 9620272). Immunolabeling was detected using PICO Plus or Femto ECL reagent (Pierce). Band densities were quantified using Image Lab version 5.2.1 and were normalized to β-actin (Bio-Rad).

2.3. Plasma lipid analysis {#sec2.3}
--------------------------

Blood was collected from the tail veins of the mice in Microvette CB300 LH K2E tubes (Sarstedt). For retro-orbital bleeding, mice were first anesthetized with isoflurane. Blood was collected to Fisherbrand Micro Blood Collecting Tubes, Natelson. Plasma was analyzed for cholesterol using Infinity Cholesterol Liquid Stable Reagent (Thermo Fisher Scientific, TR13421), triglycerides using Infinity Triglycerides Liquid Stable Reagent (Thermo Fisher Scientific, TR22421), non-esterified fatty acids using a Free Fatty Acid Kit (Wako, HR series NEFA-HR(2)), and glycerol using Free Glycerol Reagent (Sigma, F6428) according to the manufacturer\'s instructions.

2.4. Tissue triglycerides {#sec2.4}
-------------------------

Tissue pieces were homogenized in a 20x volume of 2:1 chloroform:methanol and then incubated at room temperature with agitation for 3 h. After the addition of 0.9% NaCl, the samples were vortexed and centrifuged (2000 rpm, 10 min). The organic phase was collected and dried under N~2~ gas. The TG content was measured using the Infinity Triglycerides Liquid Stable Reagent (Thermo Fisher Scientific, TR22421) and normalized to the starting tissue weight.

2.5. Hepatic TG secretion {#sec2.5}
-------------------------

The mice were either fasted for 4 h or overnight and refed for 4 h and injected intraperitoneally with 1 g/kg body weight Pluronic F-127 (P-407) (BASF, 30085239) in PBS. Blood was drawn at indicated time points after P-407 injection. A total of 2 mL/kg of blood was collected at each time point. Plasma triglycerides and NEFA were measured. For CL316,243 treatment, the mice were injected 1 h post-P-407 injection.

2.6. Oral fat tolerance test {#sec2.6}
----------------------------

The mice were fasted overnight and fed 2 mg/g body weight of olive oil (Acros, 8001-25-0) through oral gavages. Approximately 50 μL of blood was collected at baseline (prior to gavage) and at indicated time points. Plasma triglycerides and NEFA were measured. For CL316,243 treatment, the mice were injected 1 h post-gavage.

2.7. Quantitative real-time RT-PCR analysis {#sec2.7}
-------------------------------------------

Total RNA was extracted using TRIzol. RNA was used to generate cDNA with a High Capacity Reverse Transcription Kit (Applied Biosystems). Reactions were run on a 7900 HT Fast Real-Time PCR System (Applied Biosystems) using SYBR Green Master Mix (Applied Biosystems) with the results normalized to *Tbp*. The primer sequences are listed in [Supplementary Table 1](#appsec1){ref-type="sec"}.

2.8. Post-heparin plasma LPL {#sec2.8}
----------------------------

Mice were either fasted for 4 h or overnight and refed for 4 h then injected with 0.5 units/g body weight (4 μL/g of 125 units/ml in sterile PBS) of heparin (Sagent, 25021-400-10) through their tail vein. The mice were bled retro-orbitally at baseline and then 10 min after heparin injection. Plasma LPL activity was assayed using a Lipoprotein Lipase (LPL) Activity Assay Kit (Fluorometric) (Cell Biolabs, STA-610) according to the manufacturer\'s instructions.

2.9. Tissue LPL activity {#sec2.9}
------------------------

Tissues (IWAT, EWAT, BAT, and skeletal muscle) were assayed using a Lipoprotein Lipase (LPL) Activity Assay Kit (Fluorometric) (Cell Biolabs, STA-610) according to the manufacturer\'s instructions.

2.10. Lipidomics {#sec2.10}
----------------

Liquid chromatography mass spectrometry (LC-MS) analysis of the lipids from the mice adipose samples was performed as follows. Approximately 30 mg of frozen tissue samples were weighed and then pulverized in a CryoMill (Retsch, Haan, Germany) with a stainless ball at liquid nitrogen temperature. Then, 1 mL of 0.1 M HCl in 50:50 methanol:H~2~O was added to the tissue powder, vortexed for 10 s, and let sit at −20 °C for 30 min. Next, 0.5 mL of chloroform was added to the mixture, vortexed to mix well, and let sit on ice for 10 min. The samples were centrifuged at 13,200 rpm for 10 min and the chloroform phase at the bottom was transferred to a glass vial using a Hamilton syringe as the first extract. Then 0.5 mL of chloroform was added to the remaining material and the extraction was repeated to obtain the second extract. The combined extract was dried under nitrogen flow and re-dissolved in solvent of 1:1:1 methanol:chloroform:2-propanol using a ratio of 1 mL of solvent per 10 mg of initial tissue weight. Fatty acids and lipids were analyzed on a Q Exactive Plus mass spectrometer coupled to a vanquish UHPLC system (Thermo Fisher Scientific, San Jose, CA, USA). Each sample was analyzed twice using the same LC gradient but different ionization modes on a mass spectrometer to cover both the positively charged and negatively charged species. The LC separation was achieved on an Agilent Poroshell 120 EC-C18 column (150 × 2.1 mm, 2.7 μm particle size) at a flow rate of 150 μL/min. The gradient was 0 min, 25% B; 2 min, 25% B; 4 min, 65% B; 16 min, 100% B; 20 min, 100% B; 21 min, 25% B; and 27 min, 25% B \[[@bib34]\]. Solvent A was 1 mM ammonium acetate +0.2% acetic acid in water:methanol (90:10). Solvent B was 1 mM ammonium acetate +0.2% acetic acid in methanol:2-propanol (2:98). For all experiments, 5 μl of extract was injected with the column temperature set to 60 °C. The Q-Exactive Plus mass spectrometer was operated at a scanning *m*/*z* of 70--1000 with a resolution (at *m*/*z* 200) of 140,000. The MS parameters were as follows: sheath gas flow rate, 28 (arbitrary units); aux gas flow rate, 10 (arbitrary units); sweep gas flow rate, 1 (arbitrary units); spray voltage, 3.3 kV; capillary temperature, 320 °C; S-lens RF level, 65; AGC target, 3E6; and maximum injection time, 500 ms. Data analyses were performed using MAVEN software, which allows for sample alignment, feature extraction, and peak picking \[[@bib35]\]. The Extracted ion chromatogram for each metabolite was manually examined to obtain its signal using a customized metabolite library.

2.11. *Ex vivo* lipolysis {#sec2.11}
-------------------------

Epididymal adipose tissue was isolated from the randomly fed mice. Each fat pad was cut into equal size pieces and placed in a 96-well plate containing 150 μL of phenol-free DMEM media (Thermo Fisher Scientific, 21063) supplemented with 2% fatty acid free bovine serum albumin (BSA) (Sigma, A8806). For mTORC1 inhibition, 500 nM rapamycin was added to the media. For ATGL inhibition, 100 μM of atglistatin (MedKoo, 510273) was added to the media. The tissue pieces were pre-incubated for 60 min. For basal lipolysis, the tissue pieces were incubated in new media for 60 min. For stimulated lipolysis, the tissue pieces were pretreated with 1 μM CL316,243 for 30 min. To detect the release of NEFA, the tissue pieces were then placed in a new well with the same media for 60 min. The media were measured for NEFA and normalized to protein. To determine the protein concentration, each piece was incubated with 1 mL of chloroform for 60 min. The tissue was then transferred and lysed in 0.3 M of NaOH containing 0.1% sodium dodecyl sulfate (SDS) and incubated overnight at 65 °C. The protein concentration was determined by a BCA assay.

2.12. Statistical analysis {#sec2.12}
--------------------------

All data are presented as mean ± SEM and were analyzed using Prism version 8.2.0 (GraphPad). Statistical significance was determined using an unpaired two-tailed Student\'s t-test for single comparisons and one-way or two-way ANOVA followed by Tukey\'s post hoc test for multiple comparisons unless otherwise indicated.

3. RESULTS {#sec3}
==========

3.1. Adipocyte-specific loss of mTORC1 activity elevates plasma lipids prior to lipodystrophy {#sec3.1}
---------------------------------------------------------------------------------------------

To investigate the role of adipose mTORC1 on plasma lipid metabolism, we generated mice with adipose-specific deletion of Raptor (Raptor^aKO^), which encodes an essential subunit of mTORC1. Deletion of Raptor in inguinal white adipose tissue (IWAT), epididymal white adipose tissue (EWAT), and brown adipose tissue (BAT), along with the expected reduction in phosphorylation of mTORC1 targets, ribosomal protein S6, and eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) was confirmed by Western blotting ([Figure 1](#fig1){ref-type="fig"}A,B, [Supplementary Figure 1A--C](#appsec1){ref-type="sec"}). We also observed an increase in the phosphorylation of AKT as expected due to the loss of negative feedback on the insulin signaling cascade \[[@bib36]\]. Deletion of Raptor did not the change body weight in male ([Figure 1](#fig1){ref-type="fig"}C) or female mice ([Supplementary Figure 1D](#appsec1){ref-type="sec"}), despite the onset of lipodystrophy by approximately 3 months of age, as reported previously \[[@bib30]\]. We noted elevated expression of macrophage markers in EWAT ([Supplementary Figure 1F](#appsec1){ref-type="sec"}), and the relative adipose mass decreased with age in both genders, while the liver mass increased ([Figure 1](#fig1){ref-type="fig"}D, [Supplementary Figure 1E](#appsec1){ref-type="sec"}). In contrast to the mild or protective lipid phenotypes observed in previous studies, we noted consistent hypertriglyceridemia in the Raptor^aKO^ mice ([Supplementary Figure 1G, H](#appsec1){ref-type="sec"}). To avoid the confounding effects of decreased adipose tissue mass, we studied the mice at ∼10 weeks of age, a time point at which the sizes of adipose depots were similar between genotypes ([Figure 1](#fig1){ref-type="fig"}E). At this age, we also noted no evidence of hepatic steatosis ([Supplementary Figure 1I](#appsec1){ref-type="sec"}). We found that random fed plasma cholesterol and triglycerides were increased in the Raptor^aKO^ mice as compared to those in the controls and that a trend toward increased non-esterified fatty acids (NEFA) was also apparent ([Figure 1](#fig1){ref-type="fig"}F). We conclude that the Raptor^aKO^ mice developed hyperlipidemia prior to lipodystrophy.Figure 1**Adipocyte-specific ablation of mTORC1 elevates plasma lipids prior to lipodystrophy.** (A) Western blotting for Raptor in IWAT, EWAT, BAT, and liver. Numbers indicate relative density normalized to β-actin. (B) Western blotting of downstream mTORC1 substrates in IWAT, EWAT, and BAT of Raptor^aKO^ and Raptor^fl/fl^ littermates. (C) Body and (D) tissue weights with age of male Raptor^aKO^ mice compared to controls (male, n = 3--11). (E) Tissue weights and (F) random fed plasma lipid parameters of 10-week-old Raptor^aKO^ mice (n = 6--9). Data presented as mean ± s.e.m. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.Figure 1

3.2. Plasma lipid levels are sensitive to adipocyte mTORC1 status in the fed state {#sec3.2}
----------------------------------------------------------------------------------

Hyperlipidemia has not been reported in previous studies of mice lacking adipocyte mTORC1 signaling, and reports conflict regarding the effect of pharmacologic mTORC1 inhibition on NEFA. To determine whether changes in the feeding state might explain these apparent contradictions, we subjected the mice to an overnight fast and subsequent 4 hour period of refeeding. We found that the effect of adipocyte mTORC1 ablation on circulating TG was entirely feeding state-dependent. In the fasted state, plasma TG were similar between the Raptor^aKO^ mice and controls, whereas in the refed state, the Raptor^aKO^ mice displayed profound elevations in their circulating TG ([Figure 2](#fig2){ref-type="fig"}A). Moreover, the Raptor^aKO^ mice demonstrated significantly lower NEFA in the fasted state, when lipolysis is normally activated, but significantly higher NEFA in the fed state, when lipolysis would normally be repressed ([Figure 2](#fig2){ref-type="fig"}B). Compared to the controls, the Raptor^aKO^ mice gained a similar amount of weight during refeeding and maintained similar blood glucose levels, suggesting that the altered lipid parameters were not due to changes in their food intake ([Supplementary Figure 2](#appsec1){ref-type="sec"}). We hypothesized that higher NEFA in the fed state might lead to an increase in re-esterification to TG in the liver and secretion as VLDL particles, which could explain the elevation of plasma TG. However, the rate of hepatic TG secretion (assessed by blocking lipase activity with non-ionic surfactant P-407 and monitoring the rate of increase of plasma TG) was unchanged in the Raptor^aKO^ mice in either the fasted or the fed state, despite higher levels of plasma TG before P-407 injection in the refed condition ([Figure 2](#fig2){ref-type="fig"}C). Next, we administered an oral fat tolerance test, which bypasses first-pass hepatic metabolism, to measure TG clearance. Consistent with an extrahepatic cause of hypertriglyceridemia, the Raptor^aKO^ mice displayed increased plasma TG as compared to the controls ([Figure 2](#fig2){ref-type="fig"}D). This finding indicated a defect in the clearance of plasma TG in the Raptor^aKO^ mice.Figure 2**Adipocyte-specific ablation of mTORC1 elevates plasma lipids upon refeeding.** Ten-week-old Raptor^fl/fl^ and Raptor^aKO^ mice were fasted overnight and refed. (A) Plasma TG (n = 8--10). (B) Plasma NEFA (n = 8--10). (C) Mice were fasted (n = 5) or fasted and refed (n = 3--4) as described in the methods, and plasma TG was measured at indicated time points after injection with P-407 to measure hepatic TG secretion. (D) Mice were fasted and plasma TG was measured at indicated time points during an oral fat tolerance test to measure the clearance of circulation TG (n = 6--8). Data presented as mean ± s.e.m. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.Figure 2

3.3. Adipocyte-specific ablation of mTORC1 activity causes a modest deficiency in lipoprotein lipase expression {#sec3.3}
---------------------------------------------------------------------------------------------------------------

To determine the cause of delayed clearance in the Raptor^aKO^ mice, we examined lipoprotein lipase (LPL) gene expression and activity. LPL plays a central role in the clearance of lipid from plasma by hydrolyzing TG to NEFA and monoacylglycerols (MG). LPL protein translocates from the cell of origin to the luminal surface of endothelial cells, where it is bound by proteoglycans and can act on circulating lipoprotein particles. LPL is active in adipose tissue after feeding and can be released into the circulation by the administration of heparin. We found that *Lpl* gene expression decreased in the IWAT and EWAT from the Raptor^aKO^ mice ([Figure 3](#fig3){ref-type="fig"}A). Consistent with a defect in adipocyte *Lpl* expression in the Raptor^aKO^ mice, we observed a decrease in heparin-releasable LPL activity in the fed state, but not during fasting ([Figure 3](#fig3){ref-type="fig"}B). Direct assay of LPL activity extracted from tissue lysates revealed decreases in the IWAT and BAT of the refed Raptor^aKO^ mice ([Figure 3](#fig3){ref-type="fig"}C). In contrast, we were unable to measure a defect in EWAT despite the reduction in *Lpl* mRNA level. Although the reason for this discrepancy was not clear, we speculate that reduced shedding of the LPL into the bloodstream may have helped maintain tissue levels in the Raptor^aKO^ mice. Overall, decreases in the LPL activity were significant, but generally mild in the Raptor^aKO^ mice. Thus, we tested whether other factors might also have contributed to the hyperlipidemia and lipodystrophy in the Raptor^aKO^ animals.Figure 3**Adipocyte-specific ablation of mTORC1 causes a modest deficiency in lipoprotein lipase.** (A) Lpl gene expression normalized to TBP for IWAT, EWAT, BAT, and skeletal muscle from refed 10-week-old Raptorfl/fl and RaptoraKO mice (n = 4--6). (B) Post-heparin plasma LPL activity in the fasted and refed state (n = 6). (C) Tissue LPL activity for IWAT, EWAT, BAT, and skeletal muscle (n = 4). Data presented as mean ± s.e.m. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.Figure 3

3.4. Lipidomic profiling reveals accumulation of lipolytic intermediates in adipose-specific mTORC1 KO mice {#sec3.4}
-----------------------------------------------------------------------------------------------------------

To gain further insight into the alterations in adipocyte lipid metabolism that occur in the absence of mTORC1 signaling, we assayed lipidomic profiles in the adipose from the Raptor^aKO^ mice and their wild-type littermates in the refed state at 10 weeks of age. Simple inhibition of LPL would be expected to decrease the abundance of NEFA, MG, and diacylglycerols (DG) in the adipose tissue, because fewer of these metabolites would be released from the circulating TG and available for re-esterification. In contrast, the lipidomic profiles revealed an increase in the abundance of MG and DG species and a decrease in the total TG content in the Raptor^aKO^ adipose ([Figure 4](#fig4){ref-type="fig"}A--E). The relative abundances of each lipid species in the Raptor^fl/fl^ vs Raptor^aKO^ mice are listed in [Supplementary Table 2](#appsec1){ref-type="sec"}. The increases in MG and DG suggest that either re-esterification was impaired or lipolysis was activated. These possibilities could be distinguished because lipolysis results in the release of free glycerol, whereas LPL-dependent hydrolysis of TG leaves the glycerol moieties trapped as MG. We found that the Raptor^aKO^ mice in the refed state exhibited elevated glycerol concentrations, demonstrating increased lipolysis as a driver of elevated NEFA in this model ([Figure 4](#fig4){ref-type="fig"}F).Figure 4**Adipocyte-specific ablation of mTORC1 alters intracellular lipids.** Ten-week-old Raptor^fl/fl^ and Raptor^aKO^ mice were fasted overnight and refed for 4 h prior to collection of EWAT for lipidomics. Fold change in relative abundance compared to Raptorfl/fl for (A) NEFA, (B) monoacylglycerols (MG), (C) diacylglycerols (DG), and (D) triglycerides (TG) (n = 5--6). A-D: \#p \< 0.05 for two-tailed unpaired t-test prior to multiple comparisons and \*p \< 0.05 corrected for multiple comparisons using the Holm-Sidak method. (E) Total ion counts from (A-D). (F) Plasma glycerol (n = 3--6). Data presented as mean ± s.e.m. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.Figure 4

3.5. Genetic inhibition of lipolysis ameliorates hyperlipidemia in adipose-specific mTORC1 KO mice {#sec3.5}
--------------------------------------------------------------------------------------------------

To limit lipolysis in the context of Raptor deletion, we concurrently deleted adipocyte triglyceride lipase (ATGL), which encodes the rate-limiting enzyme for hydrolysis of adipocyte TG during lipolysis ([Figure 5](#fig5){ref-type="fig"}A,B). The ATGL protein levels in the liver were not altered upon adipose-specific ATGL deletion ([Supplementary Figure 3A](#appsec1){ref-type="sec"}). Although body weight was unchanged, IWAT, EWAT, and BAT weights were increased in both the ATGL^aKO^ and ATGL-Raptor^aKO^ mice ([Supplementary Figure 3B, C](#appsec1){ref-type="sec"}). ATGL loss restored refed plasma NEFA to normal levels in the Raptor^aKO^ mice *in vivo* ([Figure 5](#fig5){ref-type="fig"}C) and blocked the increase in basal lipolysis observed explants derived from the Raptor^aKO^ EWAT ([Figure 5](#fig5){ref-type="fig"}D). ATGL loss also prevented the induction of lipolysis by CL316,243 in both genotypes. In addition to the expected effects on lipolysis, ATGL deletion prevented the increase in refed plasma TG levels in the Raptor^aKO^ mice ([Figure 5](#fig5){ref-type="fig"}E). Plasma cholesterol was also restored to normal levels ([Supplementary Figure 3D](#appsec1){ref-type="sec"}). To exclude potential consequences of chronic deletion in the genetic models, we tested the effects of acute inhibition of mTORC1 and ATGL on *ex vivo* lipolysis. Inhibition of mTORC1 with rapamycin increased basal lipolysis, and the addition of the ATGL inhibitor atglistatin was able to prevent an increase ([Figure 5](#fig5){ref-type="fig"}F). Notably, the ATGL-Raptor^aKO^ mice did not have significantly altered *Angptl4* mRNA as compared to the controls and had the same reductions in *Plin1* and *Lpl* mRNA that were observed in Raptor^aKO^ mice ([Supplementary Figure 3E, F](#appsec1){ref-type="sec"}). This suggests the possibility that unrestrained lipolysis, rather than a defect in LPL expression, was the primary cause of impaired lipid clearance in the Raptor^aKO^ mice, consistent with the suggestion that LPL might be subject to feedback inhibition by NEFA and MG \[[@bib37], [@bib38], [@bib39]\]. However, mice lacking adipocyte ATGL have decreased hepatic TG stores and lower plasma TG levels during fasting. Therefore, it could also be speculated that this decrease in fasting plasma TG might buffer the increase upon refeeding. To more directly test the ability of the ATGL-Raptor^aKO^ mice to clear a fixed load of TG, we conducted an oral fat tolerance test. Concurrent loss of ATGL restored the ability of the Raptor^aKO^ mice to clear exogenous TG, limiting the increase in plasma TG to that seen in their floxed littermates ([Figure 5](#fig5){ref-type="fig"}G). Although the starting TG levels were lower with the loss of ATGL, the rate of clearance and area under the curve were comparable to those of the wild-type mice ([Figure 5](#fig5){ref-type="fig"}H). Thus, unrestrained lipolysis impaired the clearance circulation of TG-rich lipoproteins in the Raptor^aKO^ mice.Figure 5**Genetic inhibition of lipolysis reverses lipid phenotypes of adipose-specific mTORC1 KO.** Ten-week-old mice were fasted overnight and refed. (A) Diagram of the lipolysis pathway. (B) Western blotting and relative density (normalized to β-actin) of Raptor and ATGL protein from EWAT and BAT. (C) Refed plasma NEFA (floxed n = 9, Raptor^aKO^ n = 5, ATGL^aKO^ n = 3, and ATGL-Raptor^aKO^ n = 9). (D) Refed plasma TG (floxed n = 9, Raptor^aKO^ n = 5, ATGL^aKO^ n = 3, and ATGL-Raptor^aKO^ n = 9). (E) NEFA from *ex vivo* EWAT lipolysis with or without stimulation by 1 μM CL316,243 (floxed n = 10, Raptor^aKO^ n = 4, ATGL^aKO^ n = 5, and ATGL-Raptor^aKO^ n = 5). (F) Ex vivo lipolysis in EWAT from wild-type mice treated with 500 nm rapamycin and 100 μm atglistatin (G) Plasma TG clearance during an oral fat tolerance test and (H) AUC (floxed n = 11, Raptor^aKO^ n = 12, ATGL^aKO^ n = 3, and ATGL-Raptor^aKO^ n = 11). Data presented as mean ± s.e.m. \* = p \< 0.05, \*\* = p \< 0.01, \*\*\* = p \< 0.001. (G) Raptor^aKO^ compared to floxed, \* = p \< 0.05, \*\* = p \< 0.01, \*\*\* = p \< 0.001. Raptor^aKO^ compared to ATGL-Raptor^aKO^ \# = p \< 0.05, \#\# = p \< 0.01, \#\#\# = p \< 0.001. Raptor^aKO^ compared to ATGL^aKO^ \$ = p \< 0.05, \$\$ = p \< 0.01, \$\$\$ = p \< 0.001.Figure 5

3.6. Stimulating lipolysis is sufficient to delay clearance of plasma TG in WT mice {#sec3.6}
-----------------------------------------------------------------------------------

Our results at this point demonstrated that lipolysis drives hyperlipidemia in the context of Raptor^aKO^ mice, which had multiple alterations in their lipid-handling pathways. To determine whether increased lipolysis *per se* is sufficient to impair the clearance of TG in wild-type mice, we conducted an oral fat tolerance test with or without stimulation of lipolysis with the β3-adrenergic agonist CL316,243. CL316,243 injection substantially increased plasma NEFA, as expected ([Figure 6](#fig6){ref-type="fig"}A). In mice that received the CL316,243 injections, clearance of the exogenous TG was also dramatically slowed, resulting in hyperlipidemia ([Figure 6](#fig6){ref-type="fig"}B). In contrast, CL316,243 did not increase plasma NEFA or plasma TG in mice lacking ATGL ([Supplementary Figure 4](#appsec1){ref-type="sec"}). We next measured hepatic TG secretion to test whether CL316,243 could slow the apparent TG clearance rate by enhancing hepatic re-esterification of NEFA and packaging into TG-rich lipoproteins. Contrary to this hypothesis, we found that when peripheral TG uptake was blocked by treatment with P-407, CL316,243 actually decreased the rate of hepatic TG secretion and lowered plasma TG ([Figure 6](#fig6){ref-type="fig"}C,D). These data indicate that CL316,243 increased plasma TG by delaying LPL-dependent clearance, rather than by increasing hepatic TG secretion.Figure 6**Increased plasma NEFA from lipolysis delays clearance of plasma TG.** (A and B) Male C57BL/6 mice were fasted overnight and gavaged with olive oil for an oral fat tolerance test. Mice were injected with either saline or CL316,243 at 1 h (arrow). (A) Plasma NEFA and (B) plasma TG were measured at the indicated time points (n = 5--6). (C and D) Mice were fasted overnight and refed then injected with P-407 to measure hepatic TG secretion. Either saline or CL316,243 was injected at 1 h (arrow). (C) Plasma NEFA and (D) plasma TG was measured at indicated time points after P-407 injection. Data presented as mean ± s.e.m. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.Figure 6

3.7. Inhibiting lipolysis restores plasma TG levels increased by rapamycin treatment {#sec3.7}
------------------------------------------------------------------------------------

We next investigated whether inhibiting adipocyte lipolysis *in vivo* is sufficient to reverse rapamycin-induced hyperlipidemia. Wild-type mice were treated with rapamycin (2 mg/kg daily by intraperitoneal injection) for 2 weeks to induce hypertriglyceridemia. To inhibit lipolysis selectively in their adipose tissue, we used a GPR81 agonist (3Cl--5OH-BA). GPR81 is predominantly expressed in adipose tissue and physiological activation of this receptor by lactate leads to suppression of lipolysis \[[@bib40],[@bib41]\]. This approach avoids inhibiting hepatic ATGL, which complicates the interpretation of experiments pharmacologically targeting that enzyme. As expected, rapamycin-treated mice failed to fully suppress plasma NEFA levels upon refeeding, and this was corrected by treatment with the GPR81 agonist ([Figure 7](#fig7){ref-type="fig"}A). In parallel, the GPR81 agonist restored the refed plasma TG to control levels ([Figure 7](#fig7){ref-type="fig"}B). These results indicate that restoring adipocyte lipolysis to normal levels can mitigate rapamycin-induced hypertriglyceridemia.Figure 7**Inhibiting lipolysis restores plasma TG levels in rapamycin-treated mice.** Male C57BL/6 mice were treated with 2 mg/kg rapamycin for 2 weeks to induce hyperlipidemia. Mice were fasted overnight and then injected with 100 mg/kg GPR81 agonist at the time of refeeding. (A) Plasma NEFA and (B) plasma TG were measured at 0, 0.5, and 3 h after refeeding. Data presented as mean ± s.e.m. Compared to rapamycin treatment, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.Figure 7

4. DISCUSSION {#sec4}
=============

Although mTORC1 is known to influence lipid metabolism through multiple pathways in multiple cell types, the precise etiology of hyperlipidemia induced by systemic mTORC1 inhibition *in vivo* remains uncertain. Indeed, genetic loss of mTORC1 in hepatocytes causes the opposite phenotype, lowering circulating cholesterol and TG \[[@bib19],[@bib20]\]. Here, we show that loss of mTORC1 in adipocytes is sufficient to cause hypertriglyceridemia despite having only modest effects on the expression and *ex vivo* activity of lipoprotein lipase. Mechanistically, we show that although mTORC1 signaling affects many aspects of adipocyte biology, hypertriglyceridemia is driven primarily by unrestrained lipolysis in the fed state, which likely interferes with the *in situ* activity of lipoprotein lipase.

Studies of cultured adipocytes have demonstrated that that inhibition of mTORC1 signaling with rapamycin leads to increased lipolysis in response to β-adrenergic stimulation via enhanced HSL phosphorylation \[[@bib15]\], and more generally via activation of Egr1-dependent ATGL transcription \[[@bib11],[@bib21]\]. Here, we show that genetic deletion of ATGL in adipocytes is sufficient to normalize refed NEFA and TG levels in Raptor^aKO^ mice, supporting a model in which lipolysis drives hypertriglyceridemia. However, we did not observe a significant increase in ATGL protein expression in the adipose depots of the Raptor^aKO^ mice, consistent with several other studies \[[@bib15],[@bib25],[@bib26],[@bib30]\]. This suggests that ATGL expression *per se* cannot account for the increase in lipolysis. A more general mechanism that can account for the widespread effects of Raptor deletion on lipid metabolism and might contribute to increased lipolysis is the suppression of PPARγ and C/EBPα transcriptional activity in the absence of mTORC1 \[[@bib22],[@bib30],[@bib42]\]. The phenotypes of adipose-specific C/EBPα KO mice are complicated by severe lipodystrophy early in life, but these animals exhibit impaired TG clearance \[[@bib43]\]. Germline ablation of the C/EBPα target *Plin1* (encoding perilipin 1) mimics the lipolytic phenotype of Raptor^aKO^ mice; these animals have increased basal lipolysis and decreased stimulated lipolysis \[[@bib44]\]. Moreover, decreased expression of *Plin1* is observed in mice treated with rapamycin \[[@bib26]\] and in Raptor^aKO^ mice ([Supplementary Figure 3F](#appsec1){ref-type="sec"}). Perilipin 1 coats the outside of lipid droplets to prevent hydrolysis by ATGL. Thus, a decrease in perilipin 1 expression is a mechanism that could account for an increase in ATGL-dependent lipolysis in the absence of a change in ATGL expression.

Many prior studies have implicated decreased adipose LPL in the hypertriglyceridemia associated with rapamycin treatment \[[@bib6],[@bib12],[@bib18],[@bib22],[@bib26]\]. Consistent with these reports, we observed a decrease in LPL gene expression and showed that TG clearance, but not hepatic production of TG-rich lipoproteins, was altered in the Raptor^aKO^ mice. However, we were able to detect only small decreases in the LPL activity that could be released by heparin *in vivo* or extracted from adipose tissue. Moreover, deletion of ATGL restored TG clearance without correcting *Lpl* gene expression. LPL activity has been shown to be inhibited by *Angptl4*, *in vitro* and *in vivo*, which could account for differences in activity vs expression \[[@bib45],[@bib46]\]. However, we were unable to detect consistent changes in *Angptl4* expression in the Raptor^aKO^ mice, regardless of ATGL status ([Supplementary Figure 3F](#appsec1){ref-type="sec"}). Another possibility to explain the disconnect between LPL expression and activity is inhibition due to local accumulation of NEFA and MG. It has long been demonstrated that NEFA can suppress LPL through multiple mechanisms, including product inhibition, displacement of the active enzyme from the endothelium, and preventing its interaction with activating factors such as ApoC-II \[[@bib37],[@bib38],[@bib47],[@bib48]\]. As a "proof of principle" experiment for this mechanism, we stimulated adipose tissue lipolysis with a β-adrenergic agonist and showed that this was sufficient to delay TG clearance in an oral fat tolerance test. Similarly, a GPR81 agonist that suppresses adipocyte lipolysis was sufficient to acutely normalize plasma TG in the rapamycin-treated mice. Notably, acute dosing with niacin has been reported to suppress post-prandial hypertriglyceridemia in humans, and it was speculated that this might be related to a reduction in NEFA release from adipose \[[@bib49],[@bib50]\]. Thus, we propose that inappropriate lipolysis in the fed state directly impairs LPL activity in the Raptor^aKO^ mice, and that such inhibition may be a general feature of hyperlipidemia.

An interesting aspect of the elevated NEFA and TG phenotypes of Raptor^aKO^ mice was their complete dependence on feeding status. This may explain conflicting reports on the effect of rapamycin on NEFA, which has been significantly increased in some studies and decreased in others \[[@bib13],[@bib22], [@bib23], [@bib24], [@bib25]\]. It also clearly demonstrates that impaired adipocyte mTORC1 signaling is not the only factor contributing to rapamycin-induced hyperlipidemia, since circulating TG levels in rapamycin-treated animals are not completely resolved by fasting. In part, this may reflect the ability of rapamycin to reduce LPL expression in tissues such as skeletal and cardiac muscle that play a larger role in TG clearance during fasting. We also note that chronic rapamycin treatment can impair mTORC2 activity; as mice lacking mTORC2 in adipose tissue have a defect in insulin-dependent suppression of lipolysis, both mTOR complexes may act together to fully restrain adipocyte lipolysis \[[@bib51]\]. Consistent with a role of mTORC2 in rapamycin-induced hyperlipidemia, it was recently shown that a rapamycin derivative that avoids mTORC2 inhibition (DL001) also fails to induce hyperlipidemia in fasted mice \[[@bib52]\]. The effect of DL001 on TG in fed mice has not been reported. Finally, although our data suggest that lipolysis can affect plasma cholesterol levels, it is unclear whether this is directly related to LPL activity. Further research is required to fully elucidate the mechanism and the degree to which loss of adipocyte mTORC1 recapitulates the hypercholesterolemic effects of rapamycin.

5. CONCLUSIONS {#sec5}
==============

We demonstrated that mTORC1 signaling in adipose tissue is critical for the maintenance of plasma lipid homeostasis in the fed state. Lack of mTORC1 in adipocytes increases both lipolysis and circulating TG in fed mice. Lipolysis is causally related to hypertriglyceridemia, since genetic ablation of ATGL resolves both circulating NEFA and TG clearance rates. Moreover, direct stimulation of lipolysis in wild-type mice is sufficient to impair TG clearance. Thus, mTORC1-dependent suppression of adipocyte lipolysis is an essential switch to maintain plasma lipid concentrations during feeding.
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